ABSTRACT: A meta-analysis was performed to study the relationship between ovine fetal BW and body length during the last month of pregnancy in sheep gestated under normal conditions and under different natural and experimental maternal-placental-and fetal-directed constraints. Means of crown-rump length (CRL) and BW records, as well as means of calculated G index (GI, BW/CRL 1.5 ), body mass index (BMI, BW/CRL 2.0 ), and Ponderal index (PI, BW/ CRL 3.0 ) of 195 nontreated and 160 treated groups of lambs from 131 studies were investigated by ANOVA. The GI is a novel BW-body length index developed for sheep fetuses and newborn lambs. The analysis included the effects of study (n = 131), treatment (n = 38), average litter size (1 to 3), and days in pregnancy (120 d to lambing). The morphometric parameters were obtained on average on d 139 of gestation, when lambs in the nontreated groups averaged 0.50 m for CRL and 4.20 kg for BW. Applying the different treatments caused substantial variation in fetal BW (from 2.5 to 4.9 kg), and somewhat less variation in fetal CRL (0.41 to 0.55 m), refl ecting ovine fetal ability to adapt its growth to a variety of natural and experimental constraints. Some treatments affected (P < 0.05) the fetal BW-body length relationship, as clearly refl ected by the GI and BMI, but not by the PI. Litter size and days in pregnancy had effects (P < 0.05) on all variables. It was concluded that the severity of fetal intrauterine growth restriction (IUGR) in the case of multifetus pregnancies is comparable with the IUGR effects caused by experimentally induced fetal growthinhibiting interventions, and that GI may be superior to BMI and PI in detecting interference with ovine fetal body proportion.
INTRODUCTION
Unfavorable conditions during pregnancy in sheep, such as maternal undernutrition (Belkacemi et al., 2010; Igwebuike, 2010) , multifetal pregnancy (Gootwine et al., 2007) , or out-of-season lambing (Gootwine and Rozov, 2006) , may lead to the birth of relatively small lambs (Wu et al., 2006) . This can affect perinatal lamb morbidity and mortality, and reduce the expression of economically important traits in adulthood (Rhind et al., 2001; Greenwood and Bell, 2003; Louey et al., 2005) . Intrauterine growth restriction (IUGR) is also a major concern in human obstetrics (Rasmussen, 2001) , with research into human IUGR (Schroder, 2003) involving sheep as an animal model (Anthony et al., 2003; Harding and Bloomfi eld, 2004; Wallace et al., 2005; Barry and Anthony, 2008; Morrison, 2008) .
Although monitoring fetal BW is the most common way of observing fetal growth in sheep, fetal length, expressed as crown-rump length (CRL), has been monitored as well (Harding and Johnston, 1995) . Intrauterine growth restriction can result not only in reduced fetal BW and size, but may also affect the proportional relationship between those 2 morphometric variables. The weight proportion of specifi c organs of affected lambs may also deviate from those of normally gestated lambs . So far, the BW-body length relationship in ovine fetuses has been assessed using the body mass index (BMI, BW/CRL 2 , kg/m 2 ) and the Ponderal index (PI, BW/CRL 3 , kg/m 3 ). However, the extent to which those indices used in human obstetrics (Landmann et al., 2006; Brock et al., 2008) are suitable for studying normal and compromised fetal growth in sheep is not clear.
To investigate BW-body length relationships in lambs out of different litter sizes that gestated under natural and artifi cial constraints, published CRL and BW records were analyzed. Treatment effects on fetal body proportions were evaluated by analysis of BMI and PI values, as well as of G index (GI), a novel index developed for preterm and newborn lamb populations.
MATERIALS AND METHODS

Database Construction
A web search was conducted using PubMed, CAB, and Agricola databases with the search terms ovine, sheep, fetus, lamb, birth weight, crown-rump length, and IUGR. All publications obtained through these searches that met the criteria of presenting both CRL and BW measurements for groups of preterm (minimum 120 d of gestation) fetuses and for groups of newborn lambs were considered. Papers that presented only 1 of those variables, that did not include information on litter size of experimental groups or in which all animals were subjected to complex treatments, were rejected. Papers by the same authors were checked to ensure no crossover in reported animals. In 1 case (Meyer et al., 2010) , the authors were contacted to obtain least squares means (LSM) according to litter size. Additional information came from the Afec-Assaf experimental fl ock at the Volcani Center, Israel (Gootwine, unpublished data) .
Information collected from the selected studies included also treatment type, which was applied to the fetuses or their mothers, the breed or cross affi liation of the pregnant ewes, the number of fetuses and lambs included in each experimental group, and the days in pregnancy (for fetuses) or gestation length (for newborn lambs) when the morphometric measurements were taken. For simplicity, the latter 2 terms are referred to herein as days in pregnancy. In cases where days in pregnancy was not specifi ed for newborn lambs, it was considered to be 146 d.
Treatment Classifi cation
The various treatments to which the lambs or their mothers were exposed are listed in Table 1 and  Supplemental Table 1 , after being classifi ed into 5 categories: embryo or fetus-directed, gravid uterus-directed, maternal nutrition-directed, maternal endocrinologydirected, and maternal environment-directed. In developing criteria for sorting studies belonging to the maternal nutrition-directed category, a differentiation was made between adolescent and older ewes, and between these protocols: pre-and postconceptional treatment, periconceptional treatment, early-pregnancy treatment, mid-pregnancy treatment, late-pregnancy treatment, and long-term treatment.
Body Weight-Body Length Indices
Three BW-body length indices were obtained from the literature, or were calculated for each experimental group: GI (BW/CRL 1.5 , kg/m 1.5 ), BMI, and PI. The exponent x for the novel GI was derived from a linear regression analysis where log-transformed values of BW and CRL of the nontreated lamb groups (Supplemental Fig. 1 ) were related (see Results) as follows.
The exponential relationship between BW and CRL is expressed as
where b is a proportionality index, and x is the CRL power term. When x = 2, b = BMI, and when x = 3, b = PI. Taking the natural logarithms (ln) of both sides of the equation yields ln(BW) = ln(b) + xln(CRL).
[2]
According to Eq.
[2], if BW and CRL are exponentially related, ln(BW) and ln(CRL) are linearly related. The intercept obtained from a linear regression analysis of fetus and lamb ln-transformed CRL and BW records, according to Eq. [2] , is equal to ln(GI), and the slope of the function is equal to the CRL power term x.
Statistical Analysis
Group means for CRL, BW, GI, BMI, and PI were subjected to ANOVA using the REML method of the GLM procedure of the Jump In computer package (SAS Inst. Inc., Cary, NC). The statistical model included the effects of study (taken as random effect), treatment type (taken as fi xed effect, n = 38), days in pregnancy, and mean litter size, the latter 2 taken as continuous variables. Signifi cance level for the effect of study was obtained by the EMS method. The CRL, BMI and PI values were normalized using a log10 transformation before statistical analysis.
Weight proportion of the different organs as related to BW was subjected to ANOVA, where the statistical model included the effects of study (taken as random Table 1 . Least squares means (LSM) ± SE for crown-rump length (CRL), BW, and the proportionality indices: G index (GI, BW/CRL 1.5 ), body mass index (BMI, BW/CRL 2.0 ), and Ponderal index (PI, BW/CRL 3.0 ) according to treatments applied to the lamb fetuses or their dams Fetal reduction in twins 38 147 1 0.50 ± 0.02 4.55 ± 0.48 13.1 ± 1.1 18.6 ± 1.6 37.8 ± 4.4
Litter size -0.022 ± 0.003*** -0.58 ± 0.06*** -0.9 ± 0.14*** -0.94 ± 0.21*** -0.12 ± 0.6
Days in gestation 0.003 ± 0.0003*** 0.07 ± 0.007*** 0.10 ± 0.01*** 0.10 ± 0.02*** -0.03 ± 0.06 ***P < 0.001. 1 Greater than the nontreated group value (P < 0.05).
2 Less than the nontreated group value (P < 0.05). effect), treatment (number varying according to organ type), litter size, and days in pregnancy, both taken as continuous variables. The GI, BMI, PI, and the proportion values of the different organs were normalized using a log10 transformation before statistical analysis. Differences were considered signifi cant at P < 0.05.
RESULTS
Description of the Data Set
Mean CRL and BW values for groups of preterm fetuses and newborn lambs were obtained from 131 studies included in 123 papers that matched our criteria (Supplemental Table 1 ), comprising 355 experimental groups, which altogether included morphometric measurements of 6488 fetuses and lambs. Overall, the lambs in the different studies belonged to 20 pure breeds and to at least 15 different crosses.
Twenty-two studies included only nontreated groups, which differed within each study by days in pregnancy when the morphometric measurements were taken, by the genotype affi liation of the ewes, or by their average litter size. The other 109 studies each included a nontreated group and 1 or more treated groups. Altogether, out of the 355 experimental groups, 195 groups were classifi ed as nontreated and 160 groups as treated (Table 2) . Eighteen experimental groups were not assigned to a specifi c treatment, as the ewes in those groups had been exposed to complex treatments; thus, their data were not included in the analysis (Supplemental Table 1 ). Taking all of the groups together, the mean (±SD) days in pregnancy of the preterm fetuses and days in pregnancy for newborn lambs were 134 ± 6 d and 146 ± 4 d, respectively. Mean (±SD) values of CRL and BW in the nontreated groups were 0.50 ± 0.05 m and 4.19 ± 0.90 kg, respectively, greater than in the treated groups, which were 0.48 ± 0.06 m and 3.68 ± 1.00 kg, respectively.
Analysis of Crown-Rump Length and Body Weight Records
Analysis of variance showed that study, treatment, litter size, and days in pregnancy have effects (P < 0.0001) on CRL and BW. Least squares means for CRL and BW varied between studies from 0.39 and 0.58 m, and from 2.49 to 5.26 kg, respectively (data not shown). This wide range of morphometric variables estimates refl ects the variability among studies in ewe and lamb genotypes, ewe age, and the variability in specifi c environmental conditions among experimental sites.
Treatment Effects. The nontreated class (comprising 195 experimental groups) and 37 different treatments (comprising 1 to 20 experimental groups per treatment) were included in the analysis (Table 1) . Least squares means for CRL and BW in the nontreated groups and the groups that were subjected to the various treatments are presented in Table 1 . The treatments either increased or decreased late-gestation fetal parameters relative to the nontreated controls, and CRL and BW varied (LSM ± SE) from 0.41 ± 0.01 to 0.55 ± 0.01 m, and from 2.5 ± 0.2 to 4.9 ± 0.3 kg, respectively.
In vitro culturing of preimplantation embryos had the greatest growth-promoting effect, as manifested by "Large Offspring Syndrome" (Farin et al., 2004) , with a 10 and 18% increase in CRL and BW over the corresponding values in the nontreated groups, respectively. The treatment with the greatest inhibitory effect on fetal growth was exposing pregnant ewes to long-term hyperthermia, which caused an 18 and 41% reduction in CRL and BW, respectively, relative to nontreated group values.
Days in Gestation Effect. On average, the morphometric measurements were taken at 139 d of gestation. Deviation from that mean by 1 d was associated with a change of (LSM ± SE) 3.0 ± 0.3 mm/d in CRL (Table 1) , in line with the CRL increment estimates of 2.5 to 6.0 mm/d obtained by measuring ovine fetal elongation directly with in-utero measuring devices (Mellor and Matheson, 1979; Boyle et al., 1996; Forhead et al., 2008) . The late-gestation increment rate in lamb BW in the present analysis (Table  1) was (LSM ± SE) 70 ± 7 g/d, comparable to a previous estimate of 101 g/d (Gootwine et al., 2007) .
Litter Size Effect. Larger litter size was associated with reduced CRL and BW values, with an average decrease of (LSM ± SE) 2.2 ± 0.3 cm and 580 ± 60 g in CRL and BW, respectively, for an increase of 1 lamb per litter size (Table 1) .
As indicated in Table 1 , average CRL and BW values of the nontreated groups were 0.50 m and 4.19 kg, respectively. The average litter size in those groups was 1.37 lambs. Taking into consideration a change of 2.2 cm (CRL) and 580 g (BW) for a change of 1 lamb per litter size (Table 1) , CRL and BW values of singles, twins, and triplets were estimated to be 0.51, 0.49, and 0.46 m, and 4.4, 3.8, and 3.3 kg, respectively. Estimates of CRL and BW for the nontreated and the various treated groups, as well as estimates of CRL and BW of singles, twins, and triplets, are presented together in decreasing order in Fig. 1 .
Analysis of GI, BMI, and PI Records
Linear regression analysis of ln-transformed CRL and BW values of the nontreated groups, according to Eq. [2], yielded a CRL exponent value (b ± SE) of 1.5 ± 0.1, different from the exponent values of 2.0 and 3.0 used for calculating BMI and PI, respectively. The regression analysis produced an average GI for the nontreated groups of 11.8 kg/m 1.5 (Supplemental Fig. 1) .
Treatment Effects. Analysis of variance of GI, BMI, and PI values showed that all main effects and covariates included in the statistical models had effects (P < 0.0001) on GI and BMI, but not on PI (P > 0.66). In Table 1 , LSM for GI, BMI, and PI values are presented according to treatments. The GI and BMI values of lambs exposed to several treatments were less (P < 0.05) than GI and BMI values of the nontreated groups, indicating that fetuses exposed to those treatments were thinner as compared with their nontreated counterparts. It is worth noting that differences (P < 0.05) for GI, but not for BMI values were obtained for lamb groups in which ewes were exposed to pancreatectomy or longterm undernutrition treatments.
In general, there was no treatment effect (P > 0.66) on PI. Accordingly, 34 of the treatments did not differ (P > 0.05) from the nontreated groups in their PI values. The treatments with PI values that were less (P < 0.05) than the nontreated groups were embolization, occlusion, and uterine ligation (Table 1) .
Days in Pregnancy Effect. Days in pregnancy had an effect (P < 0.001) on GI and BMI, but not on PI (P > 0.05; Table 1 ). A change of 1 d in this variable was associated with a change of about 1% in GI and BMI values. Interestingly, an effect of days in pregnancy on BMI and PI has been noted also in human studies (Landmann et al., 2006; Brock et al., 2008) .
Litter Size Effect. Litter size had effects (P < 0.001) on GI and BMI (Table 1) , but not on PI (P > 0.05), with a change of 1 lamb in litter size being associated with a change of about 10% in the GI and BMI values. Estimates for GI, BMI, and PI for singles, twins, and triplets, respectively, were: GI 12. 1, 11.2, and 10.3; BMI 17.1, 16.2, and 15.3, and PI 34.2, 34 .2, and 34.2, respectively. Those estimates and estimates of GI, BMI, and PI of nontreated and the various treated groups, are presented in Supplemental Fig. 2 .
Analysis of Organ Weight Proportions
Of the 131 studies, 58 contained information on the weights of some or all of these organs: brain, heart, lungs, liver, kidney, adrenal, spleen, pancreas, thyroid, and thymus. Analysis of variance showed that treatment, but not litters size or days in pregnancy, generally had an effect (P < 0.05) on organ proportions. An inverse relationship (P < 0.001) was noted between proportion of brain weight and variables GI, BMI, and PI, but no association (P > 0.05) was evident with most other organ weight proportions (Table 3) .
DISCUSSION
In the present study, records on BW and body length of normal growing late-gestation ovine fetuses, and records of similar fetuses that were exposed to different growth intervention treatments were analyzed. The results show that the power term for formula expressing exponential relationship between BW and CRL in late-gestation normal growing ovine fetuses is 1.5 and not 2.0 or 3.0, as applied in calculating BMI or PI, respectively. The effects of naturally and experimentally induced interventions on BW, body length, and on different BW-body length indices were compared. Our results demonstrate that similar IUGR can be cause by maternal-, placental-, and fetal-directed constraints. In some, but not all IUGR scenarios, fetal BW-body length relationship was affected. This was manifested best by GI, a novel BW-body length index developed herein specifi cally for analyzing ovine fetal growth.
Although the 131 studies included in the present analysis differed in animal genotype, treatment type, fetal age, and ewe prolifi cacy, all of them included nontreated or control group(s) of lambs, and most of them included treated groups of lambs. Thus, the effects of the different treatments on CRL, BW, and on GI, BMI, and PI could be compared through ANOVA, and estimates could be obtained for the effects of days in pregnancy and litter size on the above parameters. However, interactions between the main effects could not be estimated because in most cases, only 1 treatment was considered in a specifi c study. Moreover, some of the treatments were found in only 1 study. Increasing the number of studies in which those treatments were applied might improve the estimates of the effect of that treatment relative to others.
Estimated LSM for CRL and BW values of nontreated groups with an average litter size of 1.37 were 0.50 m and 4.19 kg, respectively. The different natural and experimental treatments included shortterm as well as long-term interventions. Applying the different treatments resulted in a substantial effect on CRL (ranging from 0.41 to 0.56 m) and BW (ranging from 2.5 to 4.9 kg).
Several treatments enhanced late-gestation fetal growth. The size of the effects was not compartmentdependent as, for example, the effect on BW of maternal long-term overnutrition was comparable with the growthpromoting effect of in vitro embryo culture. Embryo transfer and crossbreeding experiments (Dickinson et al., 1962; Gootwine et al., 1993) showed that fetuses do not maximize their inherent potential growth under conditions of normal pregnancy. In the present analysis, enhanced fetal growth was manifested after treatments applied at the preimplantation stage, as well as during early and late fetal development, suggesting the possible association of a complex mechanism with the natural in utero restraint of normal fetal growth.
Several treatments directed each to 1 of the 3 compartments, namely fetal, placental, and maternal, negatively affected fetal growth. As with the growthpromoting effects, the severity of the growth-inhibiting effects was not compartment dependent. Thus, the negative effects on fetal BW of maternal-directed manipulations, such as late pregnancy undernutrition, adolescent undernutrition, and out-of-season lambing were comparable with the negative effects of fetaloriented treatments, such as corticosteroids or catecholamine infusion. Fetal growth-restricting protocols, such as carunclectomy, hyperthermia, adolescent overfeeding, embolization, and artery ligation showed similar effects on fetal physiological variables such as blood gas status and fetal neuroendocrine and cardiovascular status (Morrison, 2008) . Whether similar effects are associated with other fetal growth-inhibiting interventions remain to be investigated.
Twin and triplet BW were estimated to be 0.86 and 0.75, respectively, of BW of singles, as was found in many studies (Gootwine, 2005) . According to the present analysis, the natural litter size-dependent IUGR effect on BW in the case of triplets is comparable with the effect of some of the severe fetal growth-inhibiting experimental procedures, like long-term undernutrition, adolescent overnutrition, embolization, thyriodectomy, or hypophysectomy. Although physiological adaptation mechanisms of fetuses during IUGR induced by maternal hyperthermia or maternal undernutrition have been thoroughly investigated (Symonds et al., 2001; Yates et al., 2011) , only limited information is available regarding fetal adaptation and programming under litter sizedependent IUGR in the case of twins (Budge et al., 2003; Bloomfi eld et al., 2007; Rumball et al., 2008; Muhlhausler et al., 2011; Hancock et al., 2012) and triplets (Vonnahme et al., 2008) . Unfortunately, there is nearly no information on fetal adaptation to IUGR conditions for quadruplets or larger multifetal pregnancies (Clarke et al., 2000; Gootwine et al., 2007) . Such information is needed to optimize managerial and genetic means for breeding ewes carrying large litters. Nevertheless, by exploiting the litter size-dependent IUGR model and investigating ewes carrying 2 to 4 fetuses, it was shown that administration of L-arginine between 100 and 121 d of gestation can enhance survival and growth of litter size-dependent IUGR-affected fetuses (Lassala et al., 2011) .
The effects of the different treatments on fetal BW-body length proportions were investigated using 3 indices: GI, BMI, and PI. All 3 indices signifi cantly increased as pregnancy progressed. None of the growthpromoting treatments resulted in a signifi cant effect on fetal BW-body length proportions, in contrast to the signifi cant effects of some of the growth-inhibiting treatments, including litter size. The GI, which was derived herein from studying ovine fetal morphometric records, was more indicative than BMI of effects on late-gestation fetal growth, as signifi cant differences from control values were evident for GI, but not BMI, in cases of pancreatectomy and exposure to late-pregnancy undernutrition treatments. The PI gave indication of signifi cant effects on late-gestation fetal growth only for few treatments. Therefore, use of the PI in sheep studies may lead to erroneous interpretation of treatment effects on late-gestation fetal growth. Whereas GI, BMI, and PI differ in their detection sensitivity of IUGR effects on the BW-CRL relationship, all indices showed a signifi cant inverse relationship with fetus relative brain mass. This result confi rms a previous observation ) that fetal brain growth is less affected under IUGR conditions than other organs.
Late-gestation fetuses of large litters differ from singles: they are smaller and have different BWbody length relationships. Therefore, lambs born to prolifi c sheep have been suggested as an animal model for investigating postnatal long-term IUGR effects (Greenwood et al., 2000) . Although postnatal effects on lamb body growth and composition have been investigated (Greenwood et al., 1998) , research into cardiovascular, metabolic, and other physiological parameters, as reviewed by Ford and Long (2012) , is still needed. In addition, studying differences among littermates in adaptation to IUGR conditions might contribute to identifying a possible genetic background for the capacity of fetal resistance to IUGR (Vaiman et al., 2005; Harris et al., 2011) . It should be emphasized that breeding all lambs from a multifetal litter is required to monitor the long-term effects of IUGR, as has already been performed in several studies (Clarke et al., 2000; Bloomfi eld et al., 2006) .
Conclusions. Morphometric measurements of sheep fetuses grown under a variety of gestational conditions have been obtained in studies of ovine reproductive biology (Bazer et al., 2012) , of sheep production systems, and in studies in which sheep have been used as an animal model for investigating IUGR in humans. In this meta-analysis of results from 131 studies, substantial differences in late-gestation fetal CRL and BW were observed under a range of naturally occurring constraints. Similar variability in fetal growth parameters was determined under a range of experimentally induced constraints, where some, but not all, of the growth-inhibiting constraints signifi cantly adversely affected the fetal BW-body length relationship. This was best detected by the GI, a novel BW-body length index tailored to late-gestation ovine fetuses. Uncovering the physiological background of IUGR using lambs exposed to litter size-dependent IUGR may provide a means of overcoming short-and long-term adverse effects of IUGR.
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